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1. Introduction

In the last two decades, strain engineering
has emerged as a very powerful approach
for the enhancement of electronic and optical
properties in semiconductors. For example,
in-plane electron and hole mobility in silicon
(Si) is significantly increased by uniaxial or
biaxial stress, boosting the performance of
transistors with a technology compatible with
standard complementary metal–oxide–semi-
conductor (CMOS) processing.

In optoelectronics, the strain-induced
breaking of crystal centrosymmetry enables

optical modulators with improved speed and lower absorption
losses. A nonhomogeneous strain on the crystal lattice of Si
may induce a second-order susceptibility,[1] enabling second-
order nonlinear processes (e.g., second harmonic generation)[2,3]

and enhanced electro-optic modulation without the use of car-
riers injection.

In parallel, several efforts are going into the realization of
light emitters that are fully integrated in Si-based platform,
as a cost-effective alternative to III–V materials. Here, the
two mayor routes are the use of Ge and its alloys with Si
and Sn, and strain engineering. Silicon–germanium–tin
(GeSn) alloy can be a promising solution[4] because its band
structure can be controlled through its composition toward high
emission efficiency in a broad spectral range, but these ternary
alloys present several technological challenges for the material
growth.[5] The alternative route for band structure control is the
introduction of tensile strain in Ge and GeSn alloys. Here, the
target is to exploit tensile strain to reduce the energy barrier
between the L and Γ minima of the conduction band, realizing
a quasi-direct bandgap material and thus enhancing the radia-
tive efficiency. Moreover, the effect of tensile strain is to remove
the degeneracy between heavy hole (HH) and light hole (LH)
valence bands and to decrease the energy difference between
the conduction and valence bands,[6,7] providing the desired
control over the bandgap. These band structure effects can
be revealed by the photoluminescence (PL) experiments, and
the key measurement of the strain in semiconductors can be
achieved using Raman spectroscopy.

The mechanical deformation affects significantly the PL emis-
sion, the nonuniformity in valley splitting, or the overlap of
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The influence of the thermomechanical effects on the optical properties of ger-
manium microstructures is investigated. Finite element method (FEM) calcula-
tions allow a complete spatial assessment of mechanical deformations induced by
a silicon nitride (SiN) stressor layer deposited on Ge micropillars. Simulated strain
maps are confirmed by experimental maps obtained by Raman spectroscopy. The
theoretical investigation on strain-dependent band structure, including the
presence of a strain gradient along the longitudinal direction, is exploited to fully
capture photoluminescence spectroscopy experiments. Finally, the joint effect of
temperature and strain on the fundamental bandgap is also quantified.
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electromagnetic modes with active device regions. Therefore,
based on numerous available experimental results, approaches
such as comparison between Raman, PL, and finite element
method (FEM) calculations,[8,9] precession electron diffrac-
tion,[10] or electroluminescence[11] have been used for the inter-
pretation of strain maps in Ge microstructures.

With the aim of developing a thorough guideline in the assess-
ment and design of integrated light emitters, to be applied to Ge
as well as GeSn, we have studied pure-Ge strained microstruc-
tures as a model system. We used numerical simulations that
include the influence of mechanical and thermomechanical fea-
tures on optical properties and Raman and PL experiments to
benchmark the simulations.

In particular, we consider Ge micropillars with a silicon
nitride (SiN) stressor layer deposited on top representing
benchmark structures for both simulation and fabrication
aspects. The mechanical deformation is calculated by a 3D
FEM, disentangling mechanical and thermomechanical contri-
butions, and evaluating the effect of the SiN stressor. Our study
comprised the variation of strain on the surface and in the lon-
gitudinal (orthogonal to the surface) direction, together with the
presence of nondiagonal strain components. The stressor-
induced surface stress is compared with the experimental
results obtained by means of micro-Raman spectroscopy.

Correspondingly, PL experiments allow assessing the strain-
dependent band structure and the behavior of the strain field
in the longitudinal direction. This includes the contribution of
the thermal strain and the effect of the strain gradient, combined
in a theoretical multivalley effective mass method.

This detailed analysis of temperature dependence on the valence
band edges in strained Ge allows to revisit the direct gap behavior in
relation to the carrier population of the valence band.[9]

2. Modeling Strain and Stress by Silicon Nitride
with FEM and Comparison with Raman

The foundation of our theoretical analysis is the proper assess-
ment of the mechanical (elastic) properties of 3Dmicrostructures
composed by Ge and SiN, where the latter acts as a stressor.
These structures are fabricated as described in the following.
The calculation uses a FEM simulation by inserting the elastic
properties of the material to calculate the tensorial components
of the strain.

To describe the deformation of semiconductors, the standard
method is to make use of the Hooke’s law,[12] i.e., the linear rela-
tion between strain and stress

σij ¼ Cijklεkl (1)

where σij is the stress tensor, εkl the strain tensor, and Cijkl the
tensor of stiffness.

The deformation of the germanium structures was computed
using a 3D description in COMSOL Multiphysics assuming the
stiffness constant Cijkl of Equation (1), considering the orienta-
tion of the crystalline structure by means of the proper rotation
of the elastic constant matrix and the nominal value of the silicon
nitride stress.

The simulated structures were pillars of Ge on Si with a square
cross section of 1.5, 3, or 5 μm edge length (w), with a height (h)
of 350 nm. On the top of the pillars, a SiN stressor applied a com-
pressive stress of �1.8 GPa, as shown in Figure 1a. These simu-
lated structures were fabricated and experimentally investigated.
The fabrication was conducted starting from an epitaxial Ge on Si
substrate. On top of the Ge epilayer, the SiN stressor was formed
first by depositing a 400 nm-thick layer by plasma-enhanced

Figure 1. a) Scheme of the cross section of the pillars before and after patterning, b) optical microscopy image of the patterned pillars, c) simulated strain
trace along the cross section of the pillar, d) the profile of all the strain components on an horizontal line 100 nm below the Ge/SiN interface evaluated in
the xz plane (left) and yz plane (right), and e) the behavior of the strain profile as a function of the depth from the silicon nitride stressor for different size
of the micropillar.
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chemical vapor deposition (PECVD) using silane and ammonia
as precursor gases. Deposition parameters such as gas fluxes,
deposition pressure, RF power, and frequency were tuned to
achieve the required stress of the deposited SiN layer. The stress
was separately characterized by means of a mechanical profiler,
which measured the bowing induced by the PECVD layer on a 6 00

Si wafer. After deposition of the SiN stress layer, the microstruc-
tures were obtained by patterning in regular arrays (Figure 1b) on
a resist by e-beam lithography. The pattern was then transferred
in the underlying layers with a fluorine-based dry etching pro-
cess, removing the SiN in the exposed areas and etching down
to h¼ 350 nm inside the Ge layer (Figure 1a,c).

As an example of the fully coupled 3D FEM simulation,
Figure 1c shows a cross section of a pillar of 1.5 μm width with
a color map of the biaxial strain εbi ¼ ðεxx þ εyyÞ=2, with x and y
indicating the in-plane directions. It can be seen that the maxi-
mum value of the biaxial strain in germanium is obtained at the
interface between silicon nitride and germanium and it reaches a
value of 0.4%.

To illustrate the behavior of the strain components, Figure 1d
shows a profile of the strain components at a depth of
100 nm below the stressor in both the xz plane (left) and yz plane
(right).

The structures under investigation present a 90� rotation
invariance with respect to the axis normal to the growth direc-
tion (z). As a direct consequence, the strain component εxx
in the xz plane shows the same behavior of the component
εyy in the yz plane, and correspondingly the εxx in the yz plane
shows the same behavior of the component εyy in the xz plane.
The strain component εzz has a negative value, being bounded
to the opposite of the ratio between the elastic constants
(εzz ¼ �2 c12

c11
εbi). The strain component εxy is vanishing, while

εxz and εyz can have non-negligible contributions, respectively,
visible in the xz and yz plane.

As a direct consequence of Hooke’s law in the hypothesis of
absence of internal forces,[13] the diagonal components are sym-
metric with respect to the x-axis, while the nondiagonal compo-
nents are antisymmetric (εijðxÞ ¼ �εijð�xÞ (for i 6¼ j)).

The behavior of the biaxial strain as a function of the distance
from the stressor is reported in Figure 1e for different size of
the pillar, and shows a larger strain gradient for smaller
structures.

The largest structure has a smaller strain at the interface and a
smaller strain gradient. The 1.5 and 3 μm squares have a similar
strain at the interface, but the smallest structures have a large
strain gradient up to 0.5 μm of depth, and then the strain is
almost constant. This difference in the depth range of the strain
is relevant when combined with the penetration depth of the PL
experiment (discussed in the following), and has to be taken into
account in the design of microstructures for devices.

The experimental validation of FEM calculations was conducted
using Raman spectroscopy, a widely available technique to gain
information about strain and composition in semiconductors. In
these experiments, we used an excitation wavelength of 532 nm,
corresponding to a sampling depth of�10 nm in Ge (the SiN being
transparent), i.e., we can use this technique to measure the strain at
theGe surface, where the effects of the stressor are stronger. Raman
experiments were performed using a Renishaw inVia system,
equipped with a spectrometer featuring a grating with 1800 grooves
mm�1. The setup operated in backscattering configuration. A
Linkam liquid–nitrogen cryostat was used to control the tempera-
ture of the sample in the range 98–323 K. A long working distance
objective (50�, 0.5 NA) was used (�900 nm spot diameter).

In strained semiconductors, the phonon modes probed by
Raman spectroscopy are shifted, with respect to the unstrained
frequency ω0 because of the deformation of the crystal lattice.
The derivation of the strain-induced shift was widely discussed
in previous studies[14–16] in the hypothesis of a bulk semiconduc-
tor. In this work, as in the case of Süess et al.,[17] we extended the
analysis to a more complex geometry including 3D strain distri-
bution, as shown above in Figure 1c–d. Therefore, we calculate
the expected Raman shift measured on the surface of the sample
and compare it directly with the experimental results, as shown
in Figure 2. Considering the spatial resolution of the microscope
and the edge effect of the structure, we take the off-diagonal
strain components as negligible. With this assumption, we

Figure 2. a) Experimental map of the Raman peak energy ω for the square of 1.5 μm and b) theoretical obtained by means of FEM calculations. The color
scale is the same for the two maps.
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calculate Raman shift for a fully biaxially strained structure, in
back-scattering configuration, over the surface. The strain-
induced Raman shift for the LO mode (Δω) is proportional to
pεzz þ qðεxx þ εyyÞ, where p and q are the phonon deformation
potentials and εxx , εyy, εzz the diagonal strain components.[18]

The simulated map in Figure 2 was obtained as ω0 þΔω by
choosing the frequency ω0 from the Raman map, in the area out-
side the SiN strained pillar, being equal to 298.6 cm�1. From the
comparison between the experimental data and the simulated
strain, we extracted the values of the phonon deformation poten-
tials p and q as p¼ 0.18 ω2

0 and q¼�1 ω2
0, in good agreement

with previous studies.[19]

The analysis of Raman maps has also been performed at dif-
ferent temperatures. However, because of the limited penetra-
tion depth, these measurements give experimental evidence
only for the strain at the surface of the Ge, and are not sufficient
to assess the strain in the whole microstructures. To this aim, we
use PL to study at the same time the band structure of the mate-
rial and the effect of strain on it, as well as the interplay of strain
and temperature, using a pump laser at 1064 nm, with a pene-
tration depth of around 5 μm.

3. Effect of Strain Gradient on PL Spectra

We have investigated the spatially resolved PL on the pillars as
a function of temperature. Microphotoluminescence (μPL)
spectra were acquired in backscattering geometry using a
1064 nm laser pump focused on a spot of 1 μm in diameter
by a 50� objective with a numerical aperture of 0.65. The
pump excitation density is 106 W cm�2. The emitted light
was analyzed through a spectrometer and detected by an

extended-InGaAs photodiode array. The sample lattice tem-
perature was controlled through a Linkam cryostat in the
100–430 K range within 5 K accuracy. In Figure 3a we report
the experimental spectra obtained at different temperatures
and for different positions of the laser spot. In the area outside
the pillar, only thermal strain, arising from the difference
between the coefficients of thermal expansion of Si and
Ge,[20] is playing a role. In the inner area of the pillar, the con-
tribution of mechanical deformation is also effective.
Comparing the spectra from outer area and inner area (respec-
tively continuous and dashed lines), we can observe that the
main influence of the stressor layer is not on the peak position
but on the lineshape that appears to be broader in the inner
area of the pillar. For all the temperatures under investigation,
the PL spectra indicate the quasi-direct nature of the Ge gap,
showing the most intense peak at 0.85 eV for 113 K, 0.79 eV for
323 K, and 0.75 eV for 423 K, thus corresponding to radiative
recombination across the direct gap.

The lineshape of these spectra exhibits a typical tail at high
energy, related to the thermal distribution of carriers with a tem-
perature Te (the electronic temperature), which can be different
from the lattice temperature TL (assumed to be the nominal tem-
perature) because of the nonequilibrium condition under light
excitation. The actual value of Te is an important input parameter
for the full PL simulation.

Thus, the experimental PL spectra had been analyzed with the
van Roosbroeck lineshape, previously applied to unstrained
semiconductors.[21] We extended this procedure to the case of
strained materials, where the deconvolution of the contributions
of HH and LH valence bands is critical for the interpretation of
the PL experiments and a proper evaluation of the parameters of
the full model.[7]

Figure 3. a) Experimental and b) calculated PL spectra in the inner (solid) and outer (dashed) part of the pillar. The orange and blue dash-dotted curves
show the fit obtained with van Roosbroeck lineshape, respectively, for high and low temperatures. c) Experimental PL spectra at T¼ 113 K (blue dashed
curve), fit obtained following the approach of Equation (2) (light blue dot-dashed curve), single contribution of LH and HH bands to the fit (respectively
pink and violet solid curves). d) Thermal strain[20] (blue dashed line, left axis) and the difference in energy between the direct gaps of HH and LH (red solid
line, right axis) as a function of temperature.
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By means of the approach of Van de Walle,[22] the offset for
valence and conduction bands can be estimated as a function of
strain. Considering the thermal strain εthðTÞ[20] (blue line of
Figure 3d), the difference in energy between the direct gap for heavy
hole (EgðHHÞ) and light hole ðEgðLHÞÞ varies between 12 and
20meV in the investigated temperature range (orange line of
Figure 3d), in good agreement with the results inMontanari et al.[23]

This represents an additional constraint in the van Roosbroeck
fit that describes the recombination rate as a function of the ther-

mal occupation number of the two bands e
E�Eg LH, HHð Þ

kTe

� �
and of the

joint density of states
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � EgðLH, HHÞ

q� �

R ¼ AHH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � EgðHHÞ

q
e
E�EgðHHÞ

kTe þ ALH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E � EgðLHÞ

q
e
E�EgðLHÞ

kTe

(2)

In this formula, the electronic temperature Te is the same for
both the bands and the other free parameters are the amplitude
AHH and ALH and the energy gaps EgðHHÞ and EgðLHÞ.

The dot-dashed curves in Figure 3a show the results of the fit
obtained with Equation 2. At low temperatures (blue dot-dashed
curve), after having tagged the highest energy peakEgðHHÞ, the
value of the lowest energy one (EgðLHÞÞ is constrained by the
energy difference shown in Figure 3d. These two components
are additionally shown in Figure 3c (LH, pink curve, HH,
magenta curve) together with the complete fit (light blue
dot-dashed curve). At higher temperatures (orange dot-dashed
curve), the HH contribution plays a dominant role due to
the higher population density, leading to the approximation
ALH � AHH, in Equation (2).

The resulting Te is higher than TL, indicating heating of the
carriers, for example, at TL¼ 93 K, we extract Te¼ 162 K. We
highlight that the same analysis with a single band approach
(i.e., with a single component in the van Roosbroeck function)
would have led to an overestimation of the electronic tempera-
ture of more than 50 K.

The Te obtained with the fit of Equation (2) and TL are used in
a multivalley effective mass model[7] to reproduce the PL spectra.
This model considers both direct and indirect energy-resolved
electron–hole recombination rates, estimated with first- and sec-
ond-order perturbation theory, respectively.[7] These recombina-
tion rates are spatially resolved quantities controlled by quasi-
Fermi levels in valence and conduction bands, and the model
includes their dependence on doping, temperature, strain field,
and excitation density, as well as self-absorption effects of the
emitted photons in proximity of the external surface. The strain
effects on the band edges are considered within the deformation
potential theory; considering also the strain influence on the
band curvatures, carrier distributions, and the dipole matrix ele-
ments. The model also includes energy and spatial dependent
self-absorption effects as a function of power intensity as
described in more detail in Virgilio et al.[24]

Moreover, we extend the model with the effect of strain non-
uniformity along the vertical direction. We also exploit the
temperature-dependent strain measured in an unpatterned Ge
layer[20] for the outer part of the pillar, and the strain gradient

of Figure 1e for the inner part of the pillar to calculate the PL
spectra from different parts of the sample. The distribution of
the excess carrier density along the z direction is assumed to
be temperature-dependent and the diffusion length of the excess
carriers range from 5 to 1 μm for temperatures from 91 to 400 K.
The calculated carrier distribution shows a spatial dependence.[24]

The maximum of excess carrier for the pump power under inves-
tigation (106W cm�2) is of 1017 and 6� 1012cm�3, respectively,
for Γ and L bands at 100 K and 1.5� 1018 and 1015cm�3 at 400 K.
As also confirmed by the previous study in Virgilio et al.,[24] the
maximum of excess carrier range from 1015 to 1018cm�3 for
pump powers between 102 and 106W cm�2. The results of the
model are shown in Figure 3b. The good agreement between the-
oretical and experimental data confirms the peak position, the
blueshift, and broadening of the spectra from the outer area
of the pillar with respect to those from the inner area. This
effect is due to the nonuniform strain contribution induced
by the SiN layer that is lowering the HH band in the inner area
of the pillar. Moreover, increasing the tensile strain, the energy
difference between LH and HH is increased and the LH band
appears to be more populated and more effective in the
electron–hole recombination, as shown in the tags of LH and
HH of Figure 3b. Our theoretical and experimental results
highlight the relevance of the strain gradient in the longitudinal
direction, which is then an interesting tool for the proper design of
Ge or GeSn microstructures in view of lasing applications.

3.1. Comparison with Varshni law

Apart from the effect of the temperature-dependent strain, the
bandgap is intrinsically dependent on temperature. This is
empirically modeled by the Varshni law,[25] whose coefficient
for bulk Ge is well known. It is therefore interesting to verify
if this law holds or is modified for the case of strained Ge, using
our experimental data.

The normalized PL spectra are reported as a function of tem-
perature and energy in the contour plot of Figure 4a.

For low temperatures, we can distinguish the two peaks, as
shown in Figure 3a; at higher temperatures, the HH contribution
is dominating the spectrum because of the higher occupation
density. Figure 4 in the panels (b) and (c) shows the behavior
of the energy gap, calculated from the fitting procedure described
earlier, as a function of the estimated electronic temperature for
both the bands. The Varshni formula reads

Eg ¼ Egð0Þ �
αT2

β þ T
(3)

where Egð0Þ is the gap at T¼ 0, α is a coefficient related to the ther-
mal expansion coefficient, and β is a term connected to the phonon
interaction. We can assume that Egð0Þ is mainly influenced by the
strain, keeping a difference between HH and LH of 20meV.

Analyzing separately the temperature dependence of HH and
LH peaks, respectively, in Figure 4b,c and Table 1, we can
observe how β is perfectly matching (β(HH)¼ β(LH)) but the
coefficient α is higher in the case of HH. Considering the fact
that the perfect disentanglement of the two bands is not straight-
forward at high temperature, we also present a fit procedure that
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couples the values extracted at low temperature for LH and the
ones extracted at high temperature for HH, weighted by the rela-
tive carrier population (labeled “Fit weighted” in both Figure 4d
and Table 1). α and β are in perfect agreement with Varshni values,
leading to the conclusion that a cumulative description of the
energy gap as a function of temperature needs to be investigated
in view of the weighted contributions of the two different bands.

4. Conclusions

In this work, we presented a combined theoretical–experimental
approach to study the thermomechanical properties and the band
structure of strained Ge microstructures.

The mechanical deformation is described in terms of a 3D
FEM calculation including a SiN stressor and evaluating the sur-
face and longitudinal effects of strain, together with the presence
of nondiagonal components. The strain gradient profile,
obtained by mechanical simulations, and the electronic and
lattice temperatures, extracted from the experimental data,
have been inserted in multivalley band structure calculation.

The combination of FEM and multivalley calculations developed
in this work gives a clear interpretation of the PL data, describing
not only the peak shift as a function of the temperature (Varshni
rule), but also the strain-dependent broadening and the proper
identification of the spectral features to the LH and HH bands.

Our approach allows to discriminate the impact evaluation of
the effect of pure thermomechanical effects from temperature-
determined band carrier occupation, which is critical in applica-
tion to optoelectronic devices operating in a wide temperature
range.

In perspective, our comprehensive approach can be applied to
the design and characterization of strain-based electronic and
optoelectronic devices, giving a quantitative description of the
temperature-dependent strain relaxation mechanism and of
the impact of local heating on the optical performance. These
results can be beneficial also in the case of SiGeSn allows,
and can find immediate use in more complex geometries, such
as those used for lasing application.
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